The specific impacts of El Niño's two flavors, East Pacific (EP) and Central Pacific (CP) El Niño, have been studied intensively in recent years, mostly by applying linear statistical or composite analyses. These techniques, however, focus on average spatio-temporal patterns of climate variability and do not allow for a specific assessment of related extreme impacts. Here, we use event coincidence analysis to study the differential imprints of EP and CP types of both, El Niño and La Niña on global extreme precipitation patterns. We provide a detailed statistical assessment of seasonal precipitation extremes related to the two flavors of both phases of the El Niño Southern Oscillation (ENSO) in terms of their likelihood and spatial extent. Our analysis recaptures previously reported interrelations and uncovers further regional extremes arising along with different ENSO phases that have not been reported so far.
Introduction
The El Niño Southern Oscillation (ENSO) with its positive (El Niño) and negative phase (La Niña) is known to trigger climatic responses in various parts of the Earth, an effect that is often referred to as teleconnectivity [Trenberth, 1997; Neelin et al., 2003] . Specifically, it has been observed in recent years that El Niño further exhibits two distinct types, usually referred to as the East Pacific or canonical El Niño and the Central Pacific El Niño or El Niño Modoki, respectively [Ashok et al., 2007; Kao and Yu, 2009] . A similar proposition regarding the existence of two distinct flavors was made recently for La Niña as well [Kug and Ham, 2011] , but is a subject of ongoing studies [Kao and Yu, 2009; Ren and Jin, 2011] . For El Niño, it has been shown that its two types may cause different climatic responses in certain regions, such as reduced rainfall over eastern Australia during EP El Niños [Chiew et al., 1998 ] contrasted by an increase in precipitation over the same area during CP El Niños [Taschetto and England, 2009] .
Most previous studies on El Niño's teleconnective impacts have either applied linear statistical tools, such as correlation analysis [Diaz et al., 2001] , or investigated corresponding composites of the climatic observables under study [Hoell et al., 2014] . Both approaches share the limitation that they focus on linear or average interdependencies between ENSO and possible response variables, which do not necessarily hold for extreme values. However, with global climate change projected to increase the strength and frequency of both, extreme climatic events [Jones et al., 2007; Karl and Trenberth, 2003; Easterling et al., 2000] as well as extreme ENSO periods [Cai et al., 2014] it has become a pressing issue to specifically assess possible linkages between these two aspects [Allan and Soden, 2008] . Therefore, we devote the present work to quantify and spatially resolve signatures of extreme climatic events that are likely to coincide with an ENSO phase of a certain type. In particular, we focus here on heavy precipitation and dry periods, i.e., hydro-meterological extreme events, as ENSO has been shown to largely affect rainfall patterns at both global and regional scales [Dai and Wigley, 2000; Ropelewski and Halpert, 1987] .
The main goal of this study is to quantify the likelihood of simultaneous or time-delayed occurrences of localized precipitation extremes along with an ENSO phase of a given type. For this purpose, we employ event coincidence analysis (ECA) [Donges et al., 2011 for estimating the probability of co-occurrences between such events. This framework has already been successfully applied to quantifying the likelihood of climatic extreme events triggering certain ecological or social responses, such as extreme annual [Rammig et al., 2015] and daily [Siegmund et al., 2016a] tree growth or flowering dates [Siegmund et al., 2016b] as well as the outbreak of epidemics or violent conflicts . Acknowledging the already observed differential impacts of EP and CP El Niños, we aim here to further characterize specific extreme impacts of the two flavors of both, El Niño and La Niña.
Several schemes to distinguish EP from CP events have been proposed in the recent past. One prominent example is the ENSO Modoki Index that is computed as the weighted average sea surface temperature in the equatorial Pacific [Ashok et al., 2007] . Other studies used em-pirical orthogonal functions [Graf and Zanchettin, 2012; Kao and Yu, 2009] or combinations of the Nino3 and Nino4 indices [Kim et al., 2011; Hu et al., 2011] to provide the desired discriminations. In contrast to statistics related solely to the dynamics within the equatorial Pacific, Wiedermann et al. [2016] recently introduced an index to discriminate different ENSO flavors based on the assessment of global teleconnections in surface air temperature. This index shows a more distinct and sharp discrimination as compared to previously proposed measures based on average temperature observations [Ashok et al., 2007] . This particular property is important for our present analysis as ECA relies on the assessment of event sequences, which are easily computed for a spike-like signal in contrast to a smoothly varying one.
We use the index proposed by Wiedermann et al. [2016] together with the classical Oceanic Nino Index (ONI) (provided by the Climate Prediction Center of the National Oceanic and Atmospheric Administration, NOAA-CPC) to construct four event series representing EP and CP El Niño and La Niña phases. We then utilize ECA to quantify simultaneous occurrences of either of the four ENSO types with spatially resolved seasonal precipitation extremes (wet and dry) in boreal fall and winter of the same year as the start of a certain ENSO episode, and spring of the following year. The data and methods applied in this work are presented in Sec. 2. Section 3 shows the results of our analysis. We start by evaluating the effects of the canonical El Niño on extreme precipitation and demonstrate the validity of our approach by comparing the obtained spatial patterns with recent studies. We then focus on CP El Niños and highlight differences with their EP counterparts. Ultimately, we study La Niña periods and show that most extreme rainfall responses are attributed to the EP type of ENSO's negative phase. We thus conclude that in the light of recent discussions on the existence of two types of La Niña [Kug and Ham, 2011] it is meaningful to distinguish one type that significantly affects global precipitation signals and one that shows hardly any spatially coherent impact. Finally, Sec. 4 provides the conclusions of this work as well as suggestions for future research.
Data & Methods

GPCC rainfall data
We utilize gridded monthly precipitation data provided by the Global Precipitation Climatology Centre (GPCC) at a spatial resolution of 2.5
• ×2.5
• [Schneider et al., 2015] . Since reliable estimations of El Niño and La Niña periods according to the ONI as well as a discrimination into their respective EP and CP flavors are only available for the second half of the 20th century so far, we restrict our analysis to the period from 1951 to 2015. Note that the density of stations from which the data is derived varies between 0 and more than 100 per grid cell and for different years [Lorenz and Kunstmann, 2012] , which generally results in a lower accuracy and reliability of the data for those areas with only few stations [Rudolf et al., 1994] . We therefore consider only grid cells where the average number of stations between 1951 and 2010 is larger than 1, yielding a total number of N = 2248 cells. From the monthly time series, we derive separate records for three seasons s by aggregating the precipitation amounts of the corresponding three-month periods September to November (SON), December to February (DJF) and March to May (MAM). This results in three time series P i,s (t) per grid cell i with M = 62 annual values each.
Network transitivity index of ENSO flavor
Previous approaches to distinguish different flavors of El Niño [Hendon et al., 2009] like empirical orthogonal function (EOF) analysis [Graf and Zanchettin, 2012] or the ENSO Modoki Index (EMI) [Ashok et al., 2007] often yielded ambiguous or mutually inconsistent results [Wiedermann et al., 2016] . Radebach et al. [2013] were the first to observe that characteristics related to the global correlation structure of surface air temperatures expressed as a complex net- The transitivity index is computed upon daily global surface air temperature anomalies (SATA) from the NCEP/NCAR reanalysis [Kistler et al., 2001] used to construct a sequence of 365-days long running-window cross-correlation matrices C n = (C n,i j ) between all pairs of time series in the data set. The most relevant information captured by C n is contained in the 0.5% of strongest absolute correlations for each window n and expressed using thresholds T n such that
with Θ(·) denoting the Heaviside function. One major characteristic of the resulting matrix W n is the transitivity index
with
Here, λ i denotes the latitudinal position of each time series' corresponding grid point on the Earth's surface [Heitzig et al., 2012; Tsonis et al., 2006] . A comprehensive description of the above framework is given in Wiedermann et al. [2016] . Figure 1A shows the temporal evolution of the transitivity index. In contrast to the EMI, it provides a sharp and distinct discrimination between the two El Niño flavors (and also two corresponding types of La Niña phases), such that a peak in the index indicates an EP type while its absence points to a CP event. A corresponding baseline T (dashed horizontal line in Fig. 1A ) above which values of T are considered a peak is given as well. It is derived as the transitivity computed over the same 30-year periods that are used to determine the base periods for the computation of sea surface temperature anomalies in the definition of the ONI.
Data preprocessing
We define years with seasons s (DJF, SON, or MAM, see Sec. 2.1) exhibiting extraordinary high or low precipitation amounts from the corresponding time series P s,i (t) for each grid cell i, individually. Specifically, we consider values above (below) the 80th (20th) percentile p + s,i (p − s,i ) in each of the time series P s,i (t) as extraordinary high (low) seasonal precipitation sums. We choose these particular thresholds to ensure the presence of a sufficient number of particularly dry and wet seasons that is comparable with the number of different ENSO phases in the considered time period. It has been checked that the results obtained in the following do not change qualitatively if more restrictive thresholds are applied (not shown).
According to these considerations, we obtain six binary time series
where P ± s,i (t) = 1 indicates the presence of a seasonal precipitation extreme at grid cell i during season s in year t. By following the above procedure, no further de-seasonalisation of the precipitation data is necessary, since the grid cell-specific seasonality of precipitation is already taken into account. Furthermore, the events are defined for each location independent from the others and therefore spatial heterogeneity is taken into account as well.
In addition to the precipitation data set, we create similar binary indicator time series for the different ENSO phases (Fig. 1B) , e.g. an EP El Niño series X EPEN (t) with X EPEN = 1 if t marks the onset year of an El Niño period (as defined by the ONI) and T n exceeds T for at least one month of that considered period. All remaining El Niño periods are classified as CP events, yielding a corresponding event series X CPEN (t) (solid and dashed red lines in Fig. 1B) . The same procedure is applied to La Niña periods, yielding event series X EPLN (t) and X CPLN (t), respectively (blue lines in Fig. 1B ).
Event Coincidence Analysis
We apply event coincidence analysis (ECA), a statistical tool to quantify simultaneities between events in two series [Donges et al., 2011; Rammig et al., 2015; Donges et al., 2016] . It computes for each grid cell the fraction of EP (CP) El Niño (La Niña) phases that coincide with extreme precipitation sums in SON or DJF of the same year or MAM of the following year, revealing if the timing of precipitation extremes is non-randomly related to the presence of a given type of ENSO phase. Specifically, the event coincidence rate ECR ± s,i,• for one pair of ENSO and precipitation event series is given by
Here, X • (t) represents one of the four time series indicating EP and CP types of El Niño and La Niña. The offset τ reads τ = 0 for SON and DJF and τ = 1 for MAM.
To assess the statistical significance of the obtained event coincidence rates, we assume both involved event sequences to be distributed randomly, independently and uniformly [Donges et al., 2011; Rammig et al., 2015; Siegmund et al., 2016b,a] . A corresponding p-value is estimated analytically from the (binomial) probability distribution of event coincidence rates that would occur by chance only. We consider an empirical event coincidence rate as statistically significant if its p-value is smaller than a confidence level of α = 0.05 (for mathematical details, see Donges et al. [2016] ).
Results & Discussion
Seasonal precipitation extremes and EP El Niño
We first investigate event coincidences rates between EP El Niños and the timing of seasonal precipitation extremes. Figures 2A,C ,E show locations with significant coincidence rates During SON of EP El Niño years, we find an elevated probability of extremely dry conditions over Indonesia, the Philippines and the southwestern Pacific islands as well as over northern South America and the northern Amazon Basin (Fig. 2A) . For the same season, we also observe an increased likelihood of very wet conditions over the central Pacific islands and the west coast of North America. (Fig. 2A) . Similarly wet conditions are found over Ecuador and the South American east coast in SON and DJF ( Fig. 2A,B ). All these observations agree well with previous studies [e.g. Diaz et al., 2001] . Coinciding with EP El Niños, we also observe more frequent wet extremes over the Mediterranean region ( Fig. 2A) in SON, which was partially also reported earlier by Shaman and Tziperman [2010] . Furthermore, the wet conditions over East Africa during the same season ( Fig. 2A) have previously been described in parts by Camberlin et al. [2001] . Finally, we observe very dry conditions in southwestern Africa during DJF (Fig. 2C) as also reported by Hoell et al. [2014] .
Generally, our ECA results are in good agreement with previously reported interrelations between El Niño and global precipitation, which have mostly been identified using linear cor-relation analysis. Thus, we conclude that (i) the application of ECA to assess ENSO-related extreme impacts provides valid results, and that (ii) extreme responses to the canonical El Niño display roughly similar spatial patterns as the average statistical interdependency between ENSOrelated indices and climatic observables. However, we note that most previous studies have not discriminated between the two El Niño flavors. Thus, the agreement between our results for EP El Niños and the recent literature suggests that the previously observed linear effects might just be dominated by the (on average stronger) EP events.
Seasonal precipitation extremes and CP El Niño
Next, we focus on the specific effects of the less intensively studied CP El Niño and estimate event coincidence rates between these phases and seasons with extreme precipitation sums (Fig. 2B,D,E) . We first discuss those regions that display significant coincidence rates for EP El Niños (see Sec. 3.1) but an absence or altered likelihood of precipitation extremes during CP periods. Notably, the dry events over Central America and the Amazon that frequently occur together with EP El Niños become more likely during DJF (Fig. 2D) but show insignificant coincidence rates in SON (Fig,. 2B) . The latter also holds for the wet events along the western coast of Central and North America that have been observed for EP El Niños. In the same manner, the wet SON patterns over Southern China, the Mediterranean, and SouthEast Africa coinciding with EP El Niños disappear during CP events (Fig,. 2B) . We further note, that the large-scale dry events over Indonesia observed along with EP events during SON become less spatially coherent for CP El Niños (Fig. 2B ). For MAM, the wet and dry patterns over Europe become insignificant (Fig. 2F ).
While the above observations indicate decreased or weakened impacts of CP El Niños in comparison with the EP type, we also observe the emergence of new patterns that are not present during EP El Niños but emerge only along with CP phases. Specifically, dry events become more likely along Australia's east coast during SON (Fig. 2B) , and significant coincidence rates with wet events arise over the south of Chile pointing towards increased rainfall during CP El Niños as compared to their canonical counterparts. In DJF months coinciding with CP events, we observe the emergence of new wet patterns over Central Asia and China as well as a dry pattern over the north of Chile (Fig. 2D) . Ultimately, for MAM we observe a pronounced dry pattern over Southeast Africa (Fig. 2F) . Generally, we note a decrease in the spatial coherence of seasonal precipitation extremes coinciding with CP El Niños in comparison with EP phases.
Seasonal precipitation extremes and EP/CP La Niña
We finally perform the same analysis for La Niña periods. For the EP, i.e. canonical, La Niña type (Fig. 3A,C,E) we again find various patterns that were reported in earlier studies. Specifically, during SON coinciding with EP La Niña phases (Fig. 3A) we find the expected wet conditions over Australia and Indonesia [Arblaster et al., 2002] and exceptionally dry conditions in parts of southern Europe [Pozo-Vázquez et al., 2005] and the south of Brazil [Ropelewski and Halpert, 1996] . We further observe significant coincidence rates with dry events in the middle East and with extreme rainfall over central Europe. For DJF, our analysis confirms findings by Nicholson and Selato [2000] of wet conditions over South Africa and dry events over West Africa (Fig. 3C) . We further observe a prominent extreme precipitation dipole with dry conditions over Mexico and increased rainfall in the southwestern part of Canada. For MAM seasons associated with EP La Niñas, we observe a tendency towards extreme rainfall over the Amazon [Rogers, 1988] and parts of Northern Australia [Arblaster et al., 2002] (Fig. 3) .
In contrast to the coherent patterns observed for EP La Niña phases, we find only a few spatially organized structures during CP events (Fig. 3B, E, F) . Most prominently, we recover previously reported wet conditions over parts of Australia in DJF [Arblaster et al., 2002; Cai and Cowan, 2009] (Fig. 3B) . Additionally, we uncover strongly reduced rainfall over Florida in DJF, and over Scandinavia and the south of Russia in MAM. Thus, similar as for El Niño, we again observe that CP La Niñas coincide with less spatially coherent extreme precipitation responses.
Following upon the presented findings, we pick up the recently raised question whether it is actually meaningful to distinguish La Niña into two flavors in the same fashion as El Niño [Kug and Ham, 2011] . While Kao and Yu [2009] and Ashok and Yamagata [2009] advocated for such a distinction, Kug et al. [2009] and Ren and Jin [2011] argued that based on correlation analyses between La Niña related SST patterns no distinct discrimination into two types is evident. Contributing to this discussion, Wiedermann et al. [2016] demonstrated that according to the transitivity index characterizing ENSO teleconnectivity it is indeed meaningful to provide a discrimination of La Niño periods analogous to El Niño. The results of our current work demonstrate that seasonal precipitation extremes accompanied by EP La Niñas are generally more likely to arise in a spatially coherent way (Fig. 3) than such observed along with CP phases. The same property also holds for El Niño periods (Sec. 3.2), which highlights again a symmetry not only within the spatial patterns of El Niño and La Niña themselves, but also with respect to their induced extreme precipitation responses. Thus, from an impact-oriented point of view, our work provides further evidence in favor of a distinction between two types of La Niña indicated by the presence or absence of induced seasonal precipitation extremes. In other words, from the viewpoint of extreme events (and thus possibly in contrast to observations based on linear statistical analysis) it seems reasonable to discriminate La Niña into two types in the same way as for El Niño periods. 
Conclusion & Outlook
We have carried out a detailed analysis of ENSO imprints in global patterns of seasonal precipitation extremes. Specifically, we discriminated both, El Niño and La Niña into two distinct types (East Pacific and Central Pacific) by utilizing the network transitivity index T introduced by Wiedermann et al. [2016] . From T , four distinct event series were defined such that an event in each series corresponds to the presence of the respective type of ENSO event.
The globally gridded GPCC rainfall data set was aggregated to grid point-wise seasonal precipitation sums, and corresponding event series were obtained by applying the 80th (20th) percentile to define extremely wet (dry) periods.
We then used event coincidence analysis [Siegmund et al., 2016a; Donges et al., 2016] to identify grid points with significant coincidence rates between different types of ENSO phases and seasonal precipitation extremes. Our analysis confirmed that previously observed interrelationships based on linear correlation or composite analysis also apply to the associated extremes. In addition, we identified further impacts of ENSO episodes, especially of the Central Pacific types of both, El Niño and La Niña, which have to our current knowledge not been described so far. This implies that in these cases, classical analysis methods may not be sufficienct to capture such interrelations. Moreover, it shows that even though a general linear relationship between ENSO and precipitation might be weak or absent for a given region, dry periods or heavy rainfall can still be possible effects of specific types of ENSO phases. At the same time we observe that most previously observed interrelations only hold for events corresponding to East Pacific ENSO flavors. This implies that with a proper discrimination of event types, threats like possible droughts or flooding can be better anticipated, since for most re-gions of the Earth, CP types of ENSO events have no or a less spatially organized impact on seasonal precipitation extremes.
Our analysis contributed to the ongoing discourse whether or not it is (statistically and climatologically) meaningful to discriminate La Niña into two flavors in the same way as done for El Niño. The obtained results suggest that such congruence between ENSO's positive and negative phase is meaningful in both ways as (i) the transitivity index clearly distinguishes between two types of events for El Niño as well as La Niña and (ii) event coincidence analysis shows that the EP La Niña displays more spatially coherent seasonal precipitation extremes, while fewer impacts are found for its Central Pacific counterpart.
In conclusion, our analysis provided a detailed and global overview on the large-scale imprints of different ENSO phases and flavors in extreme seasonal precipitation patterns. All findings are ultimately summarized in Fig. 4 , which displays schematically all regions for which the four different types of ENSO phases show significant coincidence rates with seasonal precipitation extremes together with these rates.
Future work shall apply the concepts used in this work to also study ENSO related extreme impacts on further climatic observables, such as temperature. Also, a more thorough intercomparison between results obtained from linear and event statistics could prove useful in assessing which regions are most affected in terms of extreme climatic responses to the presence of either type and phase of ENSO. Ultimately, it could be useful to apply the presented framework also to future climate projections in order to assess possible changes in spatial extent and frequency of ENSO related extreme events.
